Abstract Extraction techniques are surface-dependent processes since their kinetic directly depends on the contact area between the sample and the extractant phase. The dispersion of the extractant (liquid or solid) increases this area improving the extraction efficiency. In this article, the dispersion of a nanostructured sorbent at the very low milligram level is achieved by effervescence thanks to the in situ generation of carbon dioxide. For this purpose, a special tablet containing the effervescence precursors (sodium carbonate as carbon dioxide source and sodium dihydrogen phosphate as proton donor) and the sorbent [multiwalled carbon nanotubes (MWCNTs)] is prepared. All the microextraction steps take place in a glass beaker containing 100 mL of the sample. After the extraction, the MWCNTs, enriched with the extracted analytes, are recovered by vacuum filtration. Methanol was selected to elute the retained analytes. The extraction mode is optimized and characterized using the determination of nine herbicides in water samples as model analytical problem. The absolute recoveries of the analytes were in the range 48-76 %, while relative recoveries were close to 100 % in all cases. These values permit the determination of these analytes at the low microgram per liter range with good precision (relative standard deviations lower than 9.3 %) using ultra performance liquid chromatography (UPLC) combined with ultraviolet detection (UV).
Introduction
Carbon-based nanoparticles have been extensively used as sorbent materials in both solid-phase extraction (SPE) and solid-phase microextraction (SPME) approaches due to their exceptional properties such as their large surface area and their ability to interact with target analytes by different mechanisms [1, 2] . Moreover, the wide variety of carbon allotropes, each one characterized by their own properties, makes these nanostructures a very versatile sorptive material. Carbon nanotubes (CNTs) are by far the most exploited carbon-based nanoparticles in the extraction context [3] , although other allotropes have also been used including fullerenes [4, 5] , nanodiamonds [6] , graphene [7] , carbon nanocones [8, 9] , and carbon nanohorns [10, 11] . CNTs, which were firstly described by Ijima as a sub-product in fullerene synthesis [12] , consist of a graphite sheet rolled up to create a tube with a high length-diameter ratio. Owing to their structure and composition, CNTs may interact with target analytes by an array of interactions comprising, among others, hydrogen bonding, π-π interactions, and van der Waals forces [1] . In addition, their easy carboxylation allows the introduction of carboxylic groups on the surface, which can be further derivatized to incorporate special functional groups, extending their application field [13] .
Although CNTs have been successfully used in conventional SPE, based on the sorbent packing into a cartridge [14, 15] , their aggregation tendency limits their potential since it involves a dramatic reduction of the real superficial area and also produces back-pressure on the extraction devices [16] . On one hand, the immobilization of the CNTs in the surface of an inert supports like silica microparticles [17] , or their location in a filter minimizes the negative effect of the aggregation in the extraction yield [18] . On the other hand, the efficient dispersion of the CNTs in the sample matrix is also a valuable alternative to take advantage of the potential of this material in sorptive extraction.
Dispersive solid-phase extraction (DSPE), which was first proposed by Anastassiades et al., is a consolidated sample treatment technique especially for the multiresidue determination in food analysis [19] . This technique, which is also known by the acronym QuEChERS (for quick, easy, cheap, effective, rugged, and safe), is mainly focused on the interferents removal and therefore on selectivity enhancement. However, the dispersion of low amounts of sorbent in the sample can be also employed to isolate the target analytes with a view to improving the sensitivity [20] . The use of CNTs in DSPE necessarily involves their efficient disaggregation, which is extremely tricky when aqueous samples are processed. CNTs disaggregation can be achieved by the chemical modification of their surface either by the covalent immobilization of polar functional groups [21] or by wrapping this surface with surfactants [22, 23] or special polymers [24] . On the other side, the dispersion can be also assisted by an external energy source, like ultrasounds, which preserve the original surface of CNTs [25] , although long irradiation times may produce imperfections on the structure [26] . Carbon nanostructures have been extensively used for extraction and preconcentration of many different analytes [27] from waters samples, including triazines [28] .
Triazines are used as herbicides to control broad leaf and grassy weeds in agricultural crops around the world. These herbicides are soil applied with half-lives in the range of weeks to several months, and they can arrive to aquatic media. Due to their high toxicity, triazines have been included on the list of human carcinogens, while simazine and its metabolites present serious adverse effects such as hormone disrupting, birth defects, reproductive cancers, and weight loss of mother and embryos during gestation [29] [30] [31] . Triazines are persistent pollutants in the environment even when they are used at very low concentrations due to their high solubility and to their special physicochemical properties. These properties involve their strong interaction with the soil by forming hydrogen bonds between the triazine amine groups and the electronegative centers present in the organic matter of the soil such as quinone, ketonic, and aldehyde groups [32] . Their control and monitoring in environmental waters is desirable, and it has been usually performed by gas chromatography-mass spectrometry (GC-MS) [33] , high performance liquid chromatography combined with ultraviolet (UV) [34] or MS [35] , and capillary electrophoresis [36] . Due to their very low concentration level in natural or drinking water samples and the low limits imposed by the European Union (EU) and the US Environmental Protection Agency (US-EPA), a sample preconcentration is required. SPE has demonstrated effectiveness thanks to its high enrichment factors and low organic solvent usage. Followed by LC-UV, it has been extensively used in the determination and quantification of triazine herbicides with reasonable sensitivity in the past decade [37] . The SPME alternative avoids the major disadvantages of the SPE, reducing even more the use of expensive organic solvents and the amount of sorbents and permits to obtain higher enrichment factors to achieve the low detection limits imposed by regulatory agencies [34] .
In this article, effervescence-assisted dispersive microsolid-phase extraction (Dμ-SPE) [38] is evaluated to achieve the disaggregation of CNTs in an aqueous media. In this case, carbon dioxide release is used as in situ dispersive force able to produce the dispersion of unmodified CNTs avoiding the usage of any organic solvent or surfactant. The different variables involved in the extraction process, especially the sorbent amount and sample volume, are considered in depth in the optimization process. The approach is finally characterized and compared with other published methodologies for the same analytical problem.
Experimental

Reagents and samples
All reagents were of analytical grade or better. SigmaAldrich (Madrid, Spain) provided the triazine herbicides: simazine (SMZ), simetryn (SMT), atrazine (ATZ), secbumeton (SBM), prometon (PMT), terbumeton (TBM), propazine (PPZ), prometryn (PMT), and terbutryn (TBT). Stock standard solution for each analyte was prepared in acetonitrile (Panreac, Barcelona, Spain) at a concentration 1,000 mg/L and stored in the dark at 4°C. Working solutions of the target analytes were prepared by the appropriate dilution of the stocks in Milli-Q water (Millipore Corp., Madrid, Spain) or acetonitrile as required.
Sodium dihydrogen phosphate, sodium carbonate, and MWCNTs (purity >95 %, diameter in the range of 6-9 nm and average length of 5 μm) were purchased also from Sigma-Aldrich, and they were used for the preparation of the effervescent tablets.
Three water samples were used to evaluate the method performance including river water (Genil River, Córdoba, Spain), well water (Montalban, Córdoba, Spain), and tap water (Córdoba, Spain). All samples were collected in amber glass bottles and stored at 4°until analysis.
Apparatus
Effervescence precursors were desiccated for 2 h at constant temperature of 90°C in an oven (Binder, Madrid, Spain) prior to the tablet fabrication which was performed using a manual hydraulic press (Perkin-Elmer, Madrid, Spain).
Vacuum filtration was performed in a glass filter holder (Millipore Corp., Madrid, Spain) with PTFE tape membrane (100 μm in thickness and 0.5 μm of normal pore size) in order to recover MWCNTs after extraction.
The elution process was carried out inside an ultrasonic bath (model 3510, Branson, Danbury, CT, USA) with a glass syringe (SGE Analytical Science, Melbourne, Australia) caped with a 0.45-μm syringe nylon filter to avoid the loss of MWCNTs, which could potentially damage the UPLC system.
Chromatographic analyses were carried out on a WatersAcquity™ Ultra Performance LC system (Waters Corp., Madrid, Spain) using an Acquity UPLC® BEH C18 column (1.7 μm particle size, 2.1×100 mm) maintained at 45°C. The mobile phase consisted of (A) water and (B) acetonitrile at a flow rate of 0.5 mL/min using a gradient elution program. The initial composition was fixed at 75 % A, the percentage being decreased to 40 % in 10 min. The injection volume was 1 μL with partial loop with needle overfill mode. The separated analytes were determined using a PDA eλ (extended wavelength) detector (Waters) at 223 nm. System control was achieved with Empower software.
Carbon nanotubes-effervescent tablets preparation
The effervescent tablets were prepared in different and welldefined steps according to our previous work [38] . Initially, 1,625 mg of sodium dihydrogen phosphate and 825 mg of sodium carbonate, previously desiccated at 90°C for 2 h in an oven, were mixed. Then, 75 mg (amount needed for ten tablets) of MWCNTs were added, and the solids were manually blended in a glass mortar until a homogeneous and fine powder was obtained. An accurately weighted amount of 250 mg, per tablet, was compressed in a manual hydraulic press at 12.5 t for 15 min. The resulting tablets (102 mm ID) were stored in an inert atmosphere or immediately used for extraction.
Extraction procedure
The extraction procedure, which is presented in Fig. 1 , is as follows. First of all, the tablet is introduced in a 250-mL glass beaker containing 100 mL of the aqueous standard or the sample. As a consequence of the dissolution and reaction of the effervescent compounds, carbon dioxide is released dispersing the MWCNTs into the sample. After sonication (1 min), the MWCNTs containing the extracted analytes are recovered by filtration in a polytetrafluoroethylene (PTFE) tape (which was previously conditioned and washed with 10 mL of methanol). Vacuum was applied during 5 min to dry the tape before the elution of the analytes.
In order to elute the extracted analytes, the PTFE tape containing the MWCNTs is recuperated and introduced in an empty glass syringe (10 mL). Later on, 2.5 mL of methanol are aspirated and got into close contact with the filter. The elution is assisted by ultrasounds (1 min). The eluate is finally passed through a 0.45-μm disposable syringe filter to remove potential particles. The extraction and elution steps take ca. 13 min to be performed.
To improve the sensitivity of the determination, the eluate is dried under a nitrogen stream, and the residue is redissolved in 100 μL of methanol and placed on a Total Recovery ® vial (Waters Corp.) for UPLC analysis.
Results and discussion
The effervescent tablets employed in this Dμ-SPE have three main components, namely, (a) a carbon dioxide source, (b) a proton donor compound, and (c) an active sorbent, which is intended to be dispersed. The appropriate selection of the three elements is crucial in order to achieve a good isolation and enrichment of the target analytes. In a previous study, the combination of sodium carbonate (as carbon dioxide source) and sodium dihydrogen phosphate (as proton donor compound) in stoichiometric ratio provides a product with a minimum hygroscopicity, a high mechanical stability, and minimum pH variation during dissolution [38] . Moreover, this composition offers an adequate effervescence time which finally determines the contact time between the sorbent and the analytes. A brief discussion regarding the tablet composition is presented in the Supplementary Material (Table S1) .
In this article, MWCNTs are used as sorbent. Taking into account their aggregation tendency, the dispersion of the material is mandatory. Figure 2 Before taking the photographs, the vials were mechanically agitated in a vortex during 1 min, and they were left to stand during 2 min. As it can be seen, the best dispersions were achieved when the effervescence precursors and MWCNTs were added together. Moreover, the tablet (Fig. 2B) provided a better dispersion compared to the powder ( Fig. 2A) due to the close contact between effervescence precursors and MWCNTs. As it was expected, MWCNTs were poorly dispersed in water (Fig. 2C) and aqueous solution containing the effervesced precursors (Fig. 2D ). This fact corroborates that it is the effervescent process, and not the final ionic strength, which is responsible for the efficient dispersion of the MWCNTs.
Amount of carbon nanotubes and sample volume
The sample volume and the sorbent amount are crucial in any extraction SPE procedure. Moreover, both variables are usually connected, as when higher sample volumes are processed, higher amounts of sorbent are required in order to effectively isolate the analytes. For this reason, both variables were optimized together considering five different sample volumes (10, 25, 50, 100, and 250 mL) and five different amounts of MWCNTs (0.5, 2.5, 5.0, 7.5, and 10 mg). The maximum sample volume studied was limited to 250 mL in order to have an acceptable sample throughput. The optimization process was performed taking into consideration all the target analytes, but for simplicity, Fig. 3 only shows the results obtained for simazine. The results obtained for the rest of the analytes are presented in the Supplementary Material (Figs. S1, S2 , S3, S4, S5, S6, S7, and S8). Although each analyte provided a different analytical signal, depending on its extraction efficiency and instrumental sensitivity, the results presented a similar tendency when sample volume and sorbent amount were studied. The optimum conditions are slightly different for all the analytes, and they are finally selected as a compromise.
On one hand, Fig. 3A shows the univariant effect of the MWCNT amount on the extraction of the target analyte. In this case, the sample volume is 100 mL, while the signals for different sorbent amounts are presented. As it was expected, the analytical signal increases with the sorbent amount since the extraction capacity directly depends on the quantity of MWCNTs. In fact, the analytical signal increases linearly up to 7.5 mg, although this linear relationship is not observed for higher sorbent amounts. This fact, which can be ascribed to a less efficient dispersion of the On the other hand, Fig. 3B shows the univariant effect of the sample volume on the extraction of the target analytes. In this graph, the amount of MWCNTs is 10 mg, while different volumes of an aqueous standard containing the analyte at 500 μg/L are presented. As it can be observed, the signal increases linearly up to 100 mL, although this linear relationship is not observed for higher sample volumes. This fact, which can also be ascribed to a less efficient dispersion of the MWCNTs, makes the absolute extraction recovery lower when 250 mL of sample are processed. According to these results, 100 mL was selected as the optimum value. This selection also simplifies the storage of the samples until their analysis.
Finally, Fig. 3C shows the bivariant effect of both the sample volume and the MWCNTs on the analytical signal by means of a contour surface graph. This graph corroborates the previously explained behaviors.
Extraction time
In this procedure, the extraction time is defined as the time lap between the addition of the tablet to the sample and the final recovery of the MWCNTs. This time comprises the effervescent process, the sonication of the sample, and the final filtration of the MWCNTs. On one hand, the effervescent time depends mainly on the dissolution of the tablet components, and it lasts ca. 3 min. On the other hand, the filtration depends on the vacuum pressure, and it takes ca. 5 min for 100 mL of sample. Finally, the sonication time was studied in a wide interval (from 1 to 5 min), and a negligible effect was observed. This fact indicates a quick extraction of the analytes by the MWCNTs showing the high efficiency of the dispersion process.
Elution process
Once the analytes have been conveniently extracted, they should be eluted for the subsequent chromatographic analysis. Poor elution values were observed when the eluent was directly passed though the filter containing the retained MWCNTs. This aspect was ascribed to the nonhomogeneous distribution of the sorbent in the PTFE tape due to the low amount of MWCNTs. In fact, the sorbent makes difficult the flow of the solvent, and therefore, the solvent tends to pass through those zones with a less amount of MWCNTs. In such conditions, the contact of the eluent and the sorbent is limited.
For this reason, the elution was performed using an ultrasonic bath. After the extraction, the PTFE tape with the MWCNTs is transferred to a syringe, and an appropriate volume of eluent is aspirated. The syringe is sealed and submerged in an ultrasonic bath for 1 min, which is enough to achieve the elution. Three different solvents (methanol, acetonitrile, and acetone) were evaluated as eluents. The Fig. 3 Effect of the sorbent amount (A) and sample volume (B) on the analytical signal obtained for a standard solution containing simazine at 500 μg/L. Data presented in (A) are obtained maintaining the sample volume fixed at 100 mL, while data presented in (B) are obtained maintaining the sorbent amount fixed at 10 mg. The bivariant effect of both variables is also shown (C) results showed that methanol provided the best elution results not only in the absolute recovery values but also in their precision. In fact, the average precision for the analytes elution with methanol was ca. 5.1 %, expressed as relative standard deviation (RSD), while the precision values obtained for acetonitrile and acetone were 8.3 % and 9.8 %, respectively.
Finally, the elution volume was studied bearing in mind that the final extract will be evaporated for sensitivity enhancement. Therefore, the volume should be higher enough to provide an efficient elution but lower enough to allow a rapid evaporation. The elution volume was studied in the interval from 1 to 10 mL, 2.5 mL being finally selected as a compromise between both effects.
Analytical figures of merit
Once optimized, the proposed procedure was evaluated, facing up a specific model problem, such as the determination of nine triazine herbicides (namely, simazine, simetryn, atrazine, secbumeton, prometon, terbumeton, propazine, prometryn, and terbutryn) in waters. The main figures of merit are summarized in Table 1 . A calibration graph was constructed for each analyte by extracting in triplicate six working aqueous standards containing all the analytes at different concentrations levels. The limits of detection, which were calculated using a signal-to-noise ratio of 3, varied between 0.15 μg/L (simazine) and 0.40 μg/L (terbumeton). The repeatability of the method was evaluated at two different concentration levels: closer to the limit of quantification of each analyte and at 10 μg/L. The results, which are shown in Table 1 and expressed as RSD, show values in the range of 8.2-13.9 % and 3.9-9.3 % in both conditions, respectively. Moreover, Table 1 summarizes the absolute extraction recovery (AER) values obtained with the proposed extraction procedure. If these data are represented against the logarithm of the octanol/water partition coefficient (logKow), a linear relationship can be obtained (R=0.97) for SMZ, SMT, ATZ; PPZ, PMT, and TBT. This relationship suggests an interaction based on dispersion forces. However, the AER are not clearly related to the logKow for SBM, PMT, and TBM. Interestingly, the latter compounds present a similar chemical structure containing a methoxy functional group. Figure 4 shows a typical chromatogram obtained for the extraction of a river sample spiked with the nine analytes at 10 μg/L. A small overlapping of the SMT-ATZ and SBM-PMT peaks appear for this sample. This overlapping, which can be due to the sample matrix, does not appear in the rest of the standards and samples.
Analysis of water samples
In order to evaluate the applicability of the proposed method for the determination of triazine herbicides from waters, three different water samples (river, tap, and well) were analyzed. As a result, no herbicides were found on the samples. Then, the samples were spiked with the selected herbicides at 10 μg/L, and each sample was analyzed in triplicate. The results obtained are listed in Table 2 . As it can be seen, the relative recoveries fulfill the 70-130 % recovery criterion [39] , except for propazine in tap water samples. Table 2 Relative recovery study performed on real samples spiked with the analytes at a concentration of 10 μg/L
Analyte
Water sample (R% ± SD) River Tap  Well   Simazine  92±7  77±3  93±9  Simetryn  101±9  91±7  106±11  Atrazine  101±13  82±6  97±7  Secbumeton  109±12  97±12  98±13  Prometon  108±7  86±8  98±17  Terbumeton  89±10  89±4  94±10  Propazine  85±7  63±5  94±12  Prometryn  92±9  72±6  101±9  Terbutryn  87±15  72±7  93±11 R% extraction recovery, SD standard deviation (n=3) The reduction of the recovery in propazine, as well as for simazine and atrazine, in chlorinated water has been observed for other authors [40] . The results show potential of the proposed effervescence-assisted Dμ-SPE method for the extraction of the triazines from natural environmental waters.
Conclusions
In this paper, an effective approach for the dispersion of MWCNTs in μ-SPE is proposed. In this case, effervescentassisted Dμ-SPE extraction is employed for the extraction of nine herbicides from water samples. The dispersion, which is achieved by the in situ generation of a carbon dioxide stream, does not require a previous derivatization of the nanostructured sorbent or the use of especial reagents (organic solvents or surfactants). The dispersion process enhances the interaction between the sorbent and the analytes, which results in a good extraction efficiency with absolute recoveries in the range from 48 % to 75 %. The whole procedure is very simple since it uses common labware. In this sense, the recovery of the MWCNTs with the extracted analytes is achieved using commercial PTFE tape as filter, which reduces the cost per analysis. On the negative side, the use of ultrasounds is required to achieve the elution of the analytes from the MWCNTs retained in the filter. This fact limits the development of a completely on-site methodology, and it will be considered in further investigations. In addition, when high sample volumes are processed, the use of ultrasound improves the dispersion of the sorbent. The extraction process takes ca. 13 min to be developed, which is a little bit longer than conventional SPE approaches. However, the present approach requires less material (7.5 mg of sorbent) than its SPE counterparts and allows the efficient dispersion of MWCNTs.
The proposed method fulfills the sensitivity requirements established by US-EPA, which demands a limit in the range from 1 to 10 μg/L for selected herbicides in municipal drinking waters samples. However, the methodology should be improved to respond to the more restrictive EU requirements, which establish a limit of 0.1 μg/L for individual herbicides and 0.5 μg/L for total herbicides content for drinking waters and 1-3 μg/L for surface waters. This improvement should be focused on the instrumental technique (e.g., MS) or related variables (e.g., larger injection volumes) since the AER (and therefore the preconcentration factors) obtained with the proposal are near to the maximum values.
Finally, Table 3 compares the proposed method with other counterparts proposed for the resolution of the same analytical problem [28, 33-35, 41, 42] . These approaches cover a wide range of extraction and instrumental techniques as well as target analytes. For simplicity, the discussion has been focused on the determination of simazine and atrazine which are considered in all these approaches. According to the results, the new proposal is one of the most rapid extraction procedures which could be interesting when a high number of samples should be processed. Moreover, the accuracy and precision levels are comparable with the other approaches.
The sensitivity can be considered the weak factor in this comparison, as it was previously indicated, since some alternatives provide lower detection limits. This fact can be explained if the instrumental technique is considered in the discussion. On one hand, the use of MS as instrumental technique, combined both with GC [28, 33, 42] or liquid chromatography [35] , provides the best sensitivity levels. On the other hand, the combination of liquid chromatography with UV detection [34, 41] results to be the less sensitive alternative. In this sense, the new proposal provides similar or better detection limits than those given by the latter approaches.
